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A necessary function of the intestinal epithelium is the 
establishment of a selective barrier to allow the absorption of 

20 nutrients while restricting the uptake of toxic substances and 
microbes from the gut lumen. A major component of this epithelial 
barrier is the tight junction (TJ) , a circumferential protein 
complex located at the apical/basolateral junction of opposing 
cells. The TJ complex is believed to be the point of cell-cell 

25 contact that presents the major barrier to paracellular 
transport 5 ' 6 . 

Intestinal epithelial barrier function is compromised in a 
variety of inflammatory conditions including inflammatory bowel 
disease, cholestasis, hemorrhagic shock, and sepsis 7 . Many 
30 mechanisms, including activation of myosin light chain kinase and 
excessive nitric oxide (NO- ) synthesis, have been proposed to 
explain the increase in paracellular permeability of intestinal 
epithelia following exposure to an inflammatory environment 8,9 . 



BACKGROUND OF THE INVENTION 



-1- 



Mail Number 



Express 



ATTORNEY DOCKET NO. UPITT-008XX 
WE I NGARTEN , SCHURGIN, 
GAGNEBIN & LEBOVICI LLP 
TEL . (617) 542-2290 
FAX. (617) 451-0313 




However, effective treatments are not available. Therefore, it 
would be advantageous to discover new pharmacological agents that 
are effective in preventing or treating a broad variety of 
inflammatory conditions, including compromised barrier function. 

5 

BRIEF SUMMARY OF THE INVENTION 
Such agents are now available according to the present 
invention, which is directed to a method of prophylaxis or 
treatment of inflammatory conditions, including, but not limited 

10 to, intestinal epithelial inflammation due to intestine-specific 
conditions (e.g., Crohn's disease or ulcerative colitis) or 
systemic causes of inflammation (e.g., endotoxemia, sepsis, acute 
respiratory distress syndrome, rheumatoid arthritis, hemorrhagic 
shock/resuscitation or pancreatitis). In the method of the 

15 invention, an affected patient is administered a therapeutically 
effective amount of a composition including an NAD-related 
compound, in a form that is accessible to a receptor molecule, 
conveyed in a pharmaceutically acceptable carrier vehicle. An 
exemplary receptor molecule is CD38. NAD-related compounds 

20 include nicotinamide adenine dinucleotide (NAD + ) , cyclic adenosine 
diphosphate ribose (cADPR) , or functionally equivalent analogues, 
derivatives, metabolites or agonists thereof or prodrugs therefor. 
Exemplary analogues include phosphorothioate analogues, N3'-*P5' 
phosphoroamidate analogues and analogues with conf ormationally 

25 locked sugar rings. 

In another aspect, to determine the suitability of specific 
NAD-related compounds for patient treatment, the present invention 
includes ex vivo and In vivo assay methods to test such candidate 
compounds for activity. Specific assay methods include testing a 

30 candidate compound for the ability to inhibit nitric oxide (NO- ) 
production in an ex vivo inflammation model, e.g., using 
lipopolysaccharide (LPS) -stimulated RAW 264.7 murine macrophage- 
like cells or Caco-2 human enterocyte-like cells, as described 
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herein; testing the candidate for the ability to inhibit 
hyperpermeability, e.g., in cytokine-stimulated Caco-2 cells, by 
measuring for an indication of normal expression and localization 
of tight junction proteins such as ZO-1 and occludin; and testing 
a candidate agent, e.g., for the ability to ameliorate LPS-induced 
mortality in a mouse model. 

Kits for carrying out the therapeutic methods or the assay 
methods of the invention are also contemplated herein as being 
within the invention, as are articles of manufacture that include 
compositions for use in the methods of the invention and 
instructions for the use thereof. 

BRIEF DESCRIPTION OF THE FIGURES 

Other features and advantages of the invention will be 
apparent from the following description of the preferred 
embodiments thereof and from the claims, taken in conjunction with 
the accompanying drawings, in which: 

Figs. 1A and IB show the effect of extracellular NAD + on the 
permeability of Caco-2 enterocytic monolayers and mouse ileal 
mucosa. In Fig. 1A, Caco-2 cells were incubated for 24 or 48 h 
under control conditions or with graded concentrations (|xmol/L) of 
either NAD + (N) or adenosine (A) . Fresh NAD + was added to the 
wells after 24 h. CON indicates untreated monolayers and CYM 
indicates cytomix was added (n = 6-12 per condition) . In Fig. IB, 
mice were injected at T=0 h with PBS or LPS and two injections of 
either PBS or NAD + (132 mg/kg) dissolved in PBS. Ileal segments 
were harvested at T=18 h and permeability to FD4 measured. * 
indicates p<0.05 versus control; ** indicates p<0.01; 

Figs. 2A, 2B and 2C show the effect of extracellular NAD + on 
the presence of ZO-1 and occludin in TJ complexes of Caco-2 cells. 
For Fig. 2A, cells were either left untreated (CON) or exposed to 
cytomix (CYM) in the absence or presence of 10 (N10) or 100 (N100) 
|imol/L NAD + for 48 h. NP-4 0-insoluble protein was subjected to 
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immunoprecipitation and Western blot analysis with an anti-ZO-1 or 
anti-occludin polyclonal antibody. For Fig. 2B, Caco-2 cells were 
exposed to cytomix (CYM) in the presence or absence of 10 [iM 
adenosine (ADN) . For Fig. 2C, Caco-2 cells were exposed to cytomix 
5 in the presence or absence of the indicated concentrations of 
cADPR. Western blots were repeated at least three times with 
reproducible results; 

Fig. 3 shows immunof luorescent microscopy of the effect of 
NAD + on ZO-1 (green) and occludin (red) localization in Caco-2 

10 cells exposed to cytomix. Caco-2 cells were either left untreated 
(CON) or exposed to cytomix for 48h (C48) . Some cells were exposed 
to cytomix for 48 h and treated at 0 and 24 h withlO |oM NAD + 
(N10) . Distribution and colocalization of ZO-1 (green) and 
occludin (red) was disrupted, and this was blocked by NAD + . 

15 Magnification is lOOOx in the left three columns, and 2000x in the 
right column showing detailed of the boxed regions. The bar is 10 

Figs. 4A, 4B and 4C show the effect of NAD + on cytomix- 
induced NO- production, inducible nitric oxide synthase (iNOS) 

20 expression and NF-kB activation. Figs. 4A and 4B show increased 
production of NO- and iNOS expression caused by cytomix was 
inhibited in a concentration-dependent manner by the addition of 
extracellular NAD + . Fig. 4C show nuclear extracts were prepared 
from the cells 4 h after exposure to the agents (cytomix and 

25 NAD + ) , and these extracts were used in an electrophoretic mobility 
shift assay using the murine NF-kB site from the k light chain 
promoter; 

Fig. 5 is an immunof luorescent micrograph showing that 
extracellular NAD + blocks the activation of NF-kB in RAW cells 
30 exposed to 10 ng/ml LPS; 

Fig. 6 is a graph showing that extracellular NAD + blocks the 
release of TNF-a by RAW cells exposed to LPS; and 
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Fig. 7 is a graph showing the effect of NAD + in preventing 
LPS-induced mortality in a mouse model. 



DETAILED DESCRIPTION OF THE INVENTION 
5 During experiments designed to explore the biological 

effects of the decreased intracellular content of nicotinamide 
adenine dinucleotide (NAD + ) in immunostimulated human Caco-2 
enterocyte-like cells 11 , it was serendipitously observed that 
adding NAD + that was not protected by liposomes to the culture 
10 medium ameliorated derangements in epithelial barrier function 
that were induced by exposing these cells to a mixture of 
proinflammatory cytokines. Several recent studies have shown that 
certain cell types secrete NAD +12 ' 13 and/or respond to NAD + in the 
extracellular milieu 12 " 19 . We have now discovered that NAD + as a 
15 signaling molecule also exhibits anti-inflammatory properties, as 
described herein. Moreover, administration of NAD + to mice 
ameliorates derangements in ileal mucosal barrier function induced 
by challenging the animals with lipopolysaccharide (LPS) . Thus, 
according to the present invention, an NAD-related compound such 
20 as NAD + or its cyclic derivative, cyclic ADP-ribose (cADPR) , or 
analogues or derivatives thereof that activate the same anti- 
inflammatory pathway(s), can be administered to a patient in need 
of treatment as a method of preventing or treating conditions 
related to inflammation, such as intestine-specific conditions 
25 (e.g., Crohn's disease or ulcerative colitis) or systemic causes 
of inflammation (e.g., endotoxemia, sepsis, acute respiratory 
distress syndrome, rheumatoid arthritis, hemorrhagic 

shock/resuscitation or pancreatitis) . 

NAD + is a ubiquitous cellular constituent that is used by 
30 cells as an electron acceptor (or, in its reduced form, NADH, as 
an electron donor) in a wide variety of enzyme-catalyzed redox 
reactions, such as those in the glycolytic pathway and the TCA 
cycle. Accumulating data suggest that NAD + also functions as a 
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signaling molecule 12 " 19 . In the experiments described herein, it is 
shown that extracellular NAD + has another important signaling 
function. Specifically, it is shown that extracellular NAD 4 " 
preserves intestinal epithelial barrier function, e.g., when 
enterocyte-like Caco-2 cells are exposed to an inflammatory 
milieu, such as a mixture of proinflammatory cytokines (IFN-y, IL- 
1(3 and TNF-a) or "cytomix." NAD + also preserves the normal 
expression and localization of the TJ proteins ZO-1 and occludin 
in immunostimulated Caco-2 cells. Treatment with NAD 4 " decreased 
the nuclear translocation of NF-kB, prevented accumulation of iNOS 
mRNA and decreased the production of NO- in Caco-2 cells 
stimulated with proinflammatory cytokines. Taken together, these 
results show that NAD 4 " is acting as an anti-inflammatory agent. 

The biological relevance of these ex vivo observations is 
emphasized by the results from in vivo studies, also described 
herein, showing that NAD 4 " can act as a pharmacological agent to 
ameliorate alterations in gut barrier function induced by 
injecting mice with LPS. Most dramatically, when used to treat 
mice challenged with a lethal dose of Escherichia coli r 
0 intravenous and intraperitoneal NAD 4 " (1 mg/kg pre-treatment , then 
1 mg/kg every 6 h for five more doses) completely prevented 
mortality. 

The ecto-NADases CD38 and CD157 are known to cyclize 
extracellular NAD 4 " to form cyclic ADP-ribose (cADPR) and 

5 nicotinamide 28 ' 29 . Both proteins are expressed by a variety of 
cells and may exist as membrane bound receptors or in soluble form 
in the plasma of normal humans 29 . As described herein, 
extracellular cADPR, but not ADPR, also preserved the expression 
of occludin in immunostimulated Caco-2 cells. This observation 

0 suggests that extracellular NAD 4 " acts via the formation of cADPR, 
which can enter cells through either a CD38-dependent 31 or a CD38- 
independent mechanism 32 . Not being bound by any theory, it appears 
that cleavage and cyclization of NAD + may be necessary for its 
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anti-inflammatory effects, e.g., in Caco-2 cells in vitro or in 
endotoxemic mice, to be exerted. Thus, the NAD-related compound 
administered in the method of the invention is not packaged in 
liposomes, which would prevent the therapeutic compound from 
acting as a signaling molecule, but, instead, is administered to 
the patient in a form that is accessible to a receptor molecule, 
whether that molecule is soluble or membrane bound. 

Normal circulating levels of NAD 4 " are 250 ± 30 nmol/L and 14 0 
± 10 nmol/L in humans and mice, respectively 44 . Thus, the normal 
circulating level of NAD + is substantially less than the 
concentration required experimentally to preserve barrier function 
in immunostimulated Caco-2 monolayers. The effects of NAD 4 " may be 
exclusively pharmacological. Alternatively, high local 
concentrations of NAD + could occur in vivo when the compound is 
released by cells in response to normal or pathological events. It 
is known, for example, that fibroblasts secrete NAD 4 " 13 , and 
fibroblasts are intimately associated with the basal side of the 
intestinal epithelial sheet 45 . 

As described herein, NAD 4 " and/or cADPR (or their functional 
analogues or derivatives) are capable of ameliorating structural 
and functional changes in cells affected by a proinflammatory 
milieu. The potent anti-inflammatory effects of these ubiquitous 
endogenous molecules suggest the existence of a receptor on the 
cell surface that can serve as a useful drug target, leading to 
the development of additional novel agents for the treatment of 
inflammatory conditions. Various ex vivo and in vivo assay 
systems are described herein for screening candidate therapeutic 
compounds for use in the method of the invention. A suitable 
assay system will have a measurement variable that is closely 
correlated with reduction in inflammation. 

The first such in vitro assay system, described in Example 
II, is based on the recognition that a necessary function of the 
intestinal epithelium is the establishment of a selective barrier 
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to allow the absorption of nutrients while restricting the uptake 
of toxic substances and microbes from the gut lumen. A major 
component of this epithelial barrier is the tight junction (TJ) , a 
circumferential protein complex located at the apical/basolateral 
junction of opposing cells. Occludin 1 and claudins 2 are important 
TJ components that span the plasma membrane four times and are 
thought to make homotypic contacts with proteins in the plasma 
membrane of the opposing cell 3 ' 4 . Thus, a candidate therapeutic 
compound having the effectiveness of NAD + will be capable of 
restoring normal levels of these TJ components to test cells 
subjected to an inflammatory stimulus. The TJ complex is believed 
to be the point of cell-cell contact that presents the major 
barrier to paracellular transport 5 ' 6 . Intestinal epithelial barrier 
function is compromised in a variety of inflammatory conditions 
including inflammatory bowel disease, cholestasis, hemorrhagic 
shock, and sepsis 7 . Alterations in intestinal epithelial barrier 
function have been implicated in the pathogenesis of inflammatory 
bowel disease and multiple organ system failure due to critical 
illness 7 . 

0 The second in vitro assay system, described in Example III, 

is based on measuring the release of inflammatory mediators (e.g., 
nitric oxide and TNF) from LPS-stimulated RAW 264.7 murine 
macrophage-like cells. LPS is a component of the cell wall of 
Gram-negative bacteria and has been implicated in the pathogenesis 

5 of sepsis and septic shock 45 . LPS has also been implicated in the 
pathogenesis of other serious conditions that are not associated 
with infection, such as cardiopulmonary bypass 47 , alcoholic 
hepatitis 48 , and inflammatory bowel disease 49 . When macrophages 
are exposed to LPS, a complex signaling cascade is initiated that 

0 ultimately leads to the transcriptional activation of numerous 
pro-inflammatory genes, including the genes encoding inducible 
nitric oxide synthase (iNOS) and TNF. In vitro, LPS-stimulated 
macrophages secrete NO- (produced from L-arginine in a reaction 
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catalyzed by iNOS) and TNF among many other mediators. Thus, a 
convenient way to assess the anti-inflammatory activity of a test 
compound is to measure the effects of the compound on the amount 
of nitrite plus nitrate (end-products of NO- metabolism) and TNF 
in media conditioned by LPS-stimulated RAW 264.7 cells. 

The in vivo assay system employed, shown in Fig. 
IB of Example I, was based on the recognition that injecting mice 
with LPS leads to a systemic inflammatory response characterized 
by the release of myriad cytokines and other pro-inflammatory 
mediators. If the LPS dose is sufficiently large, this systemic 
inflammatory response is associated with cardiovascular failure 
and mortality. Thus, a convenient way to assess the anti- 
inflammatory activity of a test compound in vivo is to determine 
whether treatment with the agent can ameliorate LPS-induced 
mortality in mice. Acute endotoxemia in mice induced by injecting 
LPS is a reasonable model for certain forms of septic shock in 
humans (e.g., vascular collapse secondary to overwhelming 
meningococcal infection) 50 . More generally, agents such as various 
anti-TNF antibodies or anti-TNF fusion proteins that have been 
shown to ameliorate LPS-induced mortality in mice have been shown 
to be beneficial for the treatment of more chronic inflammatory 
conditions in patients, such as Crohn's disease or rheumatoid 
arthritis 51 , supporting the reliability of the mouse model. 

Extensive investigation has been carried out in recent years 
to identify oligonucleotide analogues that would be more stable in 
vivo and at least as active as their naturally occuring 
counterparts. Such activity, which is well-known to those of 
ordinary skill in the art, has also been conducted in an analogous 
fashion to provide active analogues or derivatives for the 
numerous functions of NAD + or cADPR 52 . Appropriate derivatives of 
the active compound in the composition according to the invention, 
tested, e.g., as described herein, include chemically synthesized 
derivatives of NAD + or cADPR, or synthetic or semi-synthetic NAD + 
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or cADPR mimetics, that activate the same anti-inflammatory 
pathway (s). Acceptable derivatives may also be chemical variants 
that are known to improve stability and prolong the half-life of 
NAD + or cADPR, such as variants with replacements that stabilize 
5 phosphodiester linkages. For example, well-known anionic 
stabilizing replacements include sulfur (e.g., the 

phosphorothioates) or BH 3 for one or both non-chain phosphate 
oxygens. Neutral replacements include the methylphosphonates and 
peptide nucleic acid (PNA) derivatives, which are DNA mimetics in 

10 which the backbone of the molecule is composed of N-(2- 
aminoethyl) glycine rather than sugar-phosphate units. RNA 
analogues with conf ormationally locked sugar rings have also been 
described, as have N3 1 — P5 1 phosphoroamidate analogues 58 . For 
other chemical variants, NAD + can be covalently linked to albumin 

15 or attached to polyethylene glycol (PEG) moieties. 

Acceptable variants can also include changes in the 
structure of the adenosine moiety, e.g., through various 
substituents at the ribose 2' position or by replacement of the 
ribose portion, e.g., with a modified cyclopentane structure 53/54 

20 or by various substitutions at the ribose portion or the adenine 
portion 55 . Possible additional derivatives or analogues of NAD+ 
include, but are not limited to, etheno-nicotinamide adenine 
dinucleotide 56 , adenosine biphosphate analogues 53 , benzamide 
adenine dinucleotide 57 and biotinylated or digoxigenin-labeled 

2 5 NAD +56 . 

The therapeutic compositions in the methods of the invention 
may be administered orally (including enterally) , topically, or 
parenterally (e.g., intranasally , subcutaneously, intramuscularly, 
intravenously, or intra-arterially ) by routine methods in 
30 pharmaceutically acceptable inert carrier substances to address 
the inflammatory conditions described herein. For example, the 
compositions according to the method of the invention may be 
administered, either independently of accompanied by another anti- 
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inflammatory agent, in a sustained release formulation using a 
biodegradable biocompatible polymer or in an enteric-coated 
formulation. An NAD-related compound according to the method of 
the invention can be administered, e.g., in a dosage of 0.25 
]ag/kg/day to 5 mg/kg/day, and preferably 1 yg/kg/day to 500 
Vig/kg/day. Optimal dosage and modes of administration can readily 
be determined by conventional protocols. Exemplary methods of 
providing NAD + or cADPR in drug form can be found in Matteucci, 
M., Oligonucleotide Analogues: An Overview. Ciba Found Symp (1997) 
209:5-14, discussion 14-18. 

EXAMPLES 

The following examples are presented to illustrate the 
advantages of the present invention and to assist one of ordinary 
skill in making and using the same. These examples are not 
intended in any way otherwise to limit the scope of the 
disclosure . 

Materials and Methods 
0 Reagents. All chemicals were from Sigma-Aldrich Chemical Co. 

(St. Louis, MO) unless otherwise noted. Recombinant human 
cytokines were obtained from Pierce-Endogen (Rockford, IN) . 

Animals. This research complied with regulations regarding 
animal care as published by the National Institutes of Health and 
5 was approved by the Institutional Animal Use and Care Committee of 
the University of Pittsburgh. Male 7-8 week old C57B1/6J mice 
weighing 20-25 g were from Jackson Laboratories (Bar Harbor, ME) . 
To induce a systemic inflammatory response, mice were injected 
intraperitoneally (IP) with Escherichia coli (strain 0111 :B4) LPS 
0 (17 mg/kg) dissolved in 1.0 ml of PBS. Control animals were 
injected with a similar volume of PBS. Some mice were treated with 
an intravenous (IV) injection (100 \iL) of either PBS or 132 mg/kg 
NAD + in PBS given 5 min before LPS or PBS injection, and this 
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injection was repeated IP 12 h later. Groups of mice were 
anesthetized with 60-90 mg/kg sodium pentobarbital 18 h after the 
first injection with PBS or LPS. Segments of ileum were harvested 
to assess mucosal permeability to FD4 using an ex vivo everted gut 
sac method as previously described. 20 

Cell Culture. Caco-2 human enterocyte-like cells were 
routinely maintained at 37 °C in DM EM with 10% FBS, as described 
by Han et al. 9 All cells were fed by changing the cell culture 
medium twice per week. For experiments, cells were grown on 
Transwell inserts (0.4 ]im pore size; Corning Costar Corp., 
Cambridge, MA) and used 14-17 days post-confluence. Paracellular 
permeability of Caco-2 monolayers was measured by determining 
the apical to basal clearance of FD4 (25 mg/mL) , as described by 
Han et al. 9 For some experiments, the mouse RAW 264.7 cell line 
was used, which is functionally and morphologically similar to 
murine monocytes. 

Immunoprecipitation and Western blotting. Western blots 
were performed as described 9 . Briefly, Caco-2 cells were left 
unstimulated or exposed to various agents. Cells were lysed in 1 
mL of ice-cold NP-40-lysis buffer (25 mmol/L HEPES, pH 7.4, 150 
mmol/L NaCl, 4 mmol/L EDTA, 25 mmol/L NaF, 1% NP-40, 1 mmol/L 
Na 3 V0 4 , 1 mmol/L APMSF, 10 pg/mL leupeptin, 10 pg/mL aprotinin) 
and insoluble material was collected by cent rifugat ion and 
designated the NP-40 insoluble fraction. This pellet was 
dissolved in 100 pL of SDS-buffer (25 mmol/L HEPES, pH 7.5, 4 
mmol/L EDTA, 25 mmol/L NaF, 1% SDS, 1 mmol/L Na 3 V0 4 ) then diluted 
to 1 mL with NP-40-lysis buffer. The proteins were 
immunoprecipitated to concentrate the antigen prior to Western 
blotting. Both steps were performed using anti-ZO-1 or anti- 
occludin polyclonal antibody from Zymed (South San Francisco, 
CA) . Horseradish peroxidase-con j ugated secondary antibodies were 
from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA) . 
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Blots were developed with the Enhanced Chemiluminescence 
substrate (Amersham, Piscataway, NJ) . 

Immunofluorescence. All procedures were performed at 0-4 °C 
as described. 9 Caco-2 cells growing on 24 well clear Transwell 

5 inserts were fixed and stained with a mouse anti-ZO-1 monoclonal 
antibody (mAb; BD Translabs, Franklin Lakes, NJ) and rabbit an 
anti-occludin polyclonal antibody diluted 1:100. The secondary 
antibodies were 5 \xg/mL FITC-con j ugated affinity-purified donkey 
anti-mouse IgG and 15 |ag/mL TRITC-con jugated affinity-purified 

0 goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories) . 

Measurement of NO- production and iNOS gene expression . NO- 
production 21 was measured and RT-PCR 22 for iNOS mRNA and 18S RNA 
were performed as described. The gels were captured using an 
imaging workstation (NucleoVision) , and quantified with 

5 GelExpert™ 3.5. Relative expression of iNOS is reported after 
normalizing for 18S loading in Figure 4B. 

Electrophoretic mobility shift assay (EMSA) . Nuclear 
extracts were prepared and analyzed as described. 23 However, 38.3 
\iL of 10% NP-40 was used to lyse the cells, the nuclei were 

0 isolated by centrif ugation at 310 g for 3 min, and the nuclear 
pellets were resuspended in 80 pL of Buffer II. 

Statistical Analysis : Results are presented as means ± SEM. 
Data were analyzed using analysis of variance (ANOVA) . P values < 
0.05 were considered significant. 

5 

EXAMPLE I 

Extracellular NAD + preserves intestinal epithelial 
barrier function ex vivo and in vivo. 

0 Caco-2 monolayers growing on permeable supports were left 

untreated or exposed to cytomix for 24 or 48 h in the absence or 
presence of graded concentrations of NAD* or adenosine. 
Paracellular permeability was determined by measuring the apical- 
to-basolateral flux of FD4 . Epithelial permeability was unaffected 
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when monolayers were incubated with NAD + alone. Exposing Caco-2 
cells to cytomix increased the clearance of FD4 across the 
monolayers (Fig. 1A) . Addition of NAD + ameliorated cytomix-induced 
epithelial hyperpermeability in a concentration-dependent manner. 
The protection afforded by 10 and 100 pmol/L NAD + was 
statistically significant. 

NAD + is structurally related to a nucleoside, adenosine, that 
is known to exert anti-inflammatory effects by binding to certain 
purinergic receptors; 24 accordingly, the possibility that 
activation of a receptor for adenosine was responsible for the 
amelioration of cytokine-induced hyperpermeability by NAD + was 
considered. To investigate this idea, Caco-2 monolayers were 
exposed to cytomix in the absence or presence of 10 ymol/L 
adenosine (Fig. 1A) . Adenosine had no effect on the induction of 
hyperpermeability by cytomix, suggesting that NAD + was not simply 
an adenosine mimetic. 

In the setting of systemic inflammation, circulating blood 
monocytes often encounter lipopolysaccharide (LPS) , a potent 
inflammatory molecule derived from the outer surface of Gram- 
negative bacteria. To determine whether treatment with NAD + 
preserves intestinal mucosal barrier function in vivo, mice were 
injected IP with LPS (17 mg/kg) suspended in PBS (1 mL) to 
stimulate endotoxic shock or with a similar volume of the PBS 
vehicle alone as a control. Ileal segments were harvested 18 h 
later, and an ex vivo everted gut sac technique was used to 
measure mucosal permeability to FD4 . Some mice were treated with 
two 132 mg/kg doses of NAD + . Other mice were injected with similar 
volumes of the PBS vehicle. As expected, 25 injecting mice with LPS 
caused a significant increase in mucosal permeability to FD4 
whereas treatment with two doses of NAD + significantly ameliorated 
the increase in mucosal permeability induced by LPS in mice (Fig. 
IB) . 
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EXAMPLE II 

Extracellular NAD + ameliorates derangements in TJ protein 
expression and cellular localization caused by cytomix. 

5 Proinflammatory cytokines are known to alter the expression 

and localization of several TJ proteins in cultured intestinal 
epithelial cells, including occludin, claudin-1 and ZO-1. 9 ' 10 
Whether NAD + preserves the expression and targeting of TJ proteins 
in cells that were exposed to cytomix was tested. Caco-2 cells 

10 were grown in the absence or presence of cytomix or NAD + , and NP- 
40-insoluble protein complexes were isolated after 48 h. The 
insoluble complexes, which represent insoluble cytoskeletal 
proteins and associated TJ proteins, 26 ' 27 were solubilized with SDS 
and subjected to immunoprecipitation followed by immunoblotting 

15 with anti-occludin or anti-ZO-1 antibodies. Exposure to cytomix 
for 48 h markedly decreased the amounts of occludin and ZO-1 
present in TJs (Fig. 2A) . When cells were simultaneously incubated 
with cytomix and 10 or 100 |imol/L NAD + , normal levels of these 
proteins were present in NP-40-insoluble complexes. 

20 To again exclude the possibility that NAD + was acting as an 

adenosine mimetic, NP-40-insoluble extracts were prepared from 
Caco-2 cells that were untreated or exposed to cytomix for 48 h in 
the absence or presence of 10 |iM adenosine. Adenosine failed to 
prevent the decrease in NP-40-insoluble occludin or ZO-1 in Caco-2 

25 cells exposed to cytomix (Fig. 2B) . 

Immunofluorescence microscopy was used to assess the 
structure of TJs in Caco-2 cells grown on Transwells. The cells 
were either left untreated (Fig. 3; Panel CON) or exposed to 
cytomix for 48 h in the absence (Panel C48) or presence (Panel 

30 N10) of extracellular NAD + (10 pmol/L added at 0 and 24 h) . The 
cells were permeabilized, fixed, and stained using FITC- and 
TRITC- conjugated antibodies directed against ZO-1 and occludin, 
respectively. In control confluent Caco-2 monolayers, these 
proteins both were predominantly localized to regions near cell- 
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cell boundaries. Staining was even and continuous. Following 
treatment with cytomix, dispersed lesions appeared throughout the 
monolayer, in which immunostaining for ZO-1 at cell boundaries 
became faint, diffuse, and discontinuous. Exposure to cytomix also 
5 was associated with "ruffling" of ZO-1 and occludin 
immunostaining. Monolayers that were exposed to . cytomix in the 
presence of 10 fimol/L NAD + showed continuous staining of ZO-1 and 
occludin at cell-cell boundaries. However, some ruffling of the 
staining pattern was still evident. 

10 

EXAMPLE III 

Extracellular cADPR ameliorates derangements in TJ protein 
expression and cellular localization caused by cytomix. 

15 In other systems, the signaling effects of NAD + are dependent 

on its conversion to cyclic ADP-ribose (cADPR) 28 ' 29 . Therefore, the 
effects of extracellular cADPR on cytomix-induced alterations in 
occludin expression were evaluated. Co-incubating cells with 10 or 
100 jomol/L cADPR preserved expression of occludin in Caco-2 cells 

20 exposed to cytomix (Fig. 2C) . Remarkably, these concentrations of 
cADPR increased the expression of occludin to greater than 
baseline levels in immunostimulated Caco-2 cells. This effect of 
cADPR was specific for the cyclic nucleoside, since similar 
concentrations of (non-cyclic) ADP-ribose failed to preserve 

25 occludin expression in immunostimulated Caco-2 cells. 

EXAMPLE IV 

Extracellular NAD + decreases iNOS expression 
in immunostimulated cells . 

30 

Changes in epithelial permeability caused by exposure to 
proinflammatory cytokines are due, at least in part, to excessive 
production of nitric oxide (NO) 9 ' 30 - LPS and cytomix induce the 
expression of inducible nitric oxide synthase (iNOS) in RAW 
35 monocyte-like cells and Caco-2 enterocyte-like cells, 
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respectively. Upregulation of iNOS leads to the production of NO-. 
NO- produced by myeloid cells is bactericidal, and the NO- 
generated by enterocytes appears to be involved in the regulation 
of cell-cell contacts (tight junctions), which are important for 
the integrity of the epithelial sheet. 

Accordingly, it was determined whether NAD + decreased the 
production of NO- (as assessed by measuring N0 2 " and N0 3 " in 
culture supernatants) by Caco-2 cells exposed to cytomix (similar 
study using RAW monocyte-like cells is not shown) . As expected, 
cytomix increased the production of NO-, but this effect was 
inhibited in a concentration-dependent manner by the addition of 
extracellular NAD + (Fig. 4A) . Maximal inhibition was observed 
using 100 yimol/L NAD + ; inhibition was decreased when NAD + was 
increased to 1000 (amol/L. Cytomix increased expression of 
inducible nitric oxide synthase (iNOS) mRNA (Fig. 4B) , and NAD + 
blocked this effect. Again, there was a biphasic response to NAD + 
treatment; provided maximal inhibition and higher doses inhibited 
less well. Thus, another inflammatory response, namely the 
induction of iNOS gene expression and the concomitant production 
0 of NO-, is blocked by extracellular NAD + in both myeloid and 
epithelial cells. 

EXAMPLE V 

Extracellular NAD + inhibits the activation of NF-kB 

5 

iNOS induction is dependent, in part, on activation of the 
transcription factor NF-kB, a transcription factor that is 
required for a variety of monocyte inflammatory responses, e.g., 
to LPS. Therefore, we tested the ability of NAD + to inhibit DNA 
0 binding by NF-kB in Caco-2 cells exposed to cytomix. Treatment 
of immunostimulated cells with 1 |amol/L NAD + had no effect on 
cytomix-induced NF-kB activation, but co-incubation of cells with 
10 or 100 |imol/L NAD + clearly decreased NF-kB DNA binding (Fig. 
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4C) in nuclear extracts. NAD + alone had no effect on the nuclear 
levels of NF-kB. 

Additional studies were performed to show the potent anti- 
inflammatory capacity of extracellular NAD + . RAW 264.7 cells in 
5 tissue culture dishes were stimulated with LPS prepared from 
Escherichia coli strain 011:B4, and the activation of NF-kB was 
measured. Some cells were exposed to 10 ng/ml LPS in the presence 
of 1-100 (LiM NAD. Nuclear proteins were extracted from the cells 15 
min after exposure to the compounds, and NF-kB levels were 

10 determined using the electrophoretic mobility shift assay. 

The addition of LPS greatly increased nuclear levels of NF- 
kB, as shown in Fig. 5 (compare lanes 1 and 2) . However, the 
addition of as little as 1 jjM NAD + to LPS treated cells 
dramatically decreased the nuclear localization of NF-kB (see, 

15 Fig. 5, lanes 3-5) . The highest dose of NAD + tested (100 yiM NAD + ) 
decreased nuclear NF-kB levels to near baseline levels. Thus, 
very low doses of extracellular NAD + can effectively block the 
activation of NF-kB, an important transcription factor mobilized 
during an inflammatory response. 

20 

EXAMPLE VI 

NAD + as an Anti-inflammatory Agent - TNF-ct Study 

Whether NAD + could prevent the production of tumor necrosis 
factor a (TNF-a) , a potent proinflammatory cytokine produced by 
25 activated monocytes and macrophages, was tested. Supernatants were 
collected from RAW cells treated with LPS in the absence or 
presence of NAD + . TNF-a levels were quantitated by ELISA. As 
shown in Fig. 6, as little as 1 ^iM NAD + partially blocked the LPS- 
induced release of TNF-a from RAW cells. 

30 
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EXAMPLE VII 

NAD + as an Anti- inflammatory Agent - Mortality Study 

NAD + was used to treat mice challenged with a lethal dose of 
Escherichia coli (0111:B4 LPS; 17 mg/kg) . As shown in Fig. 7, 
intravenous and intraperitoneal NAD + , at a dosage regimen of 1 
mg/kg pre-treatment and then 1 mg/kg every 6 h for five more 
doses, completely prevented mortality. 
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While the present invention has been described in 
conjunction with a preferred embodiment, one of ordinary skill, 
after reading the foregoing specification, will be able to effect 
various changes, substitutions of equivalents, and other 
alterations to the compositions and methods set forth herein. It 
is therefore intended that the protection granted by Letters 
Patent hereon be limited only by the definitions contained in the 
appended claims and equivalents thereof. 
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